Background. The study goal was to determine the effect of vitamin D (VITD) supplementation on tubular reabsorption of phosphate (TRP), parathyroid hormone (PTH), bone alkaline phosphatase (BAP), and C-telopeptide (CTX) in youth infected with human immunodeficiency virus (HIV) receiving and not receiving combination antiretroviral therapy (cART) containing tenofovir disoproxil fumarate (TDF).
TDF-induced decreases in BMD and increases in bone turnover may result from renal tubular phosphate wasting causing hypophosphatemia and secondary osteomalacia [14, 16] , or through a TDF effect on PTH and calcium-phosphate balance [15, 16] .
Vitamin D deficiency, common in youth with human immunodeficiency virus (HIV) infection in the United States [17] , is also associated with renal tubular phosphate loss, hyperparathyroidism, and osteomalacia in non-HIV-infected populations [18] . In persons with vitamin D deficiency, vitamin D treatment increases TRP, decreases serum PTH, and improves bone health [18] .
We hypothesized that independent of baseline vitamin D serum concentration, vitamin D supplementation in adolescents and young adults with HIV infection treated with TDF would increase TRP and decrease serum PTH and markers of bone turnover (BAP and C-telopeptide [CTX] ) in a pattern similar to those with vitamin D deficiency not treated with TDF.
METHODS
The Adolescent Medicine Trials Network (ATN) for HIV/AIDS Interventions study 063 was a 12-week randomized, doubleblind, placebo-controlled, multicenter trial performed between November 2007 and April 2010 at 16 ATN and 19 International Maternal Pediatric Adolescent AIDS Clinical Trials (IMPAACT) sites in the United States and Puerto Rico. ATN predominately serves older adolescents and young adults with behaviorally acquired HIV infection (https://www.atnonline.org/public/ purpose.asp). IMPAACT predominately serves children and youth with perinatally acquired HIV infection (https:// impaactgroup.org). The study was approved by the local institutional review board of each participating center and required participants' written informed consent prior to enrollment.
We enrolled persons aged 18-25 years with HIV-1 infection treated with combination antiretroviral therapy (cART) with $3 antiretrovirals (ARVs), unchanged for $90 days, and HIV-1 plasma RNA ,5000 copies/mL within 60 days before entry. Subjects were excluded for renal diseases, current or recent pregnancy or lactation; use of medicines that affect BMD, interfere with vitamin D absorption or TDF excretion, or cause nephrotoxicity; use of vitamin D supplements .400 IU/day; or estimated GFR ,70 mL/min/1.73 M 2 , serum calcium above the upper limit of normal (ULN), or urine calcium/creatinine ratio .0.20 mg/mg. Subjects taking standard multivitamins or calcium supplements coformulated with vitamin D could enroll. There was no exclusion based on pretreatment vitamin D status. Enrollment was stratified based on current ARV treatment: cART containing TDF, or cART not containing TDF (noTDF). Within those groups (TDF and noTDF), participants were randomly assigned, in fixed blocks of 4 by sex, to treatment with vitamin D or placebo.
Participants received vitamin D3, 50 000 IU (Bio-tech Pharmacal, Fayetteville, Arkansas or matching placebo gelatin capsule [19] . Capsule content was confirmed by independent analysis prior to use in the study. Treatment assignment was blinded to all study participants and personnel except the site pharmacist, with unblinding after prespecified data analysis. Directly observed oral treatment was administered at baseline and at weeks 4 and 8.
Baseline and week 12 measurements of main outcome variables were performed by batch analysis of stored samples at the US Department of Agriculture, Agricultural Research Service, Western Human Nutrition Research Center, Davis, California (USDA-ARS-WHNRC). All samples were collected after $4 hours of fasting. Spot urine samples for creatinine, calcium, and phosphate were collected upon arrival for the study visit. Spot urine samples for urine b-2 microglobulin (Ub2MG) were collected from participants #1 hour after the first urine collection and after they drank a large glass of water.
Serum Urine calcium (UCa), phosphorus (UPO4), and creatinine (UCr) were measured by batch analysis at USDA-ARS-WHNRC. Serum sodium, potassium, chloride, bicarbonate/total CO 2 , calcium (SCa), phosphorus (SPO4), and creatinine (SCr) were measured at CLIA-certified local site laboratories. GFR was calculated by the Modification of Diet in Renal Disease formula [21] . Urine calcium to creatinine ratio (UCa/UCr) was used to estimate urinary calcium excretion, with normal ,0.21 mg/mg. TRP percentage was calculated as (1 2 [(UPO4 3 SCr)/ (3) 11 (3) 11 (2) 11 (3) 10 (3) 10 (3) 10 (3) Median ( f P , .05 in the TDF group only, for the comparison between randomized groups of total calcium intake at baseline. There were no other statistically significant differences between randomized groups at baseline.
g Antiretroviral classes of the current regimen in addition to nucleoside reverse transcriptase inhibitor.
h Total calcium intake was categorized as inadequate if ,1300 mg (age #18 years) or ,1000 mg (age $19 years) [20] . (SPO4 3 UCr)]} 3 100), with normal .96%. Calcium and vitamin D intake from diet and supplements were measured (Block Calcium/Vitamin D Screener [22] , Nutritionquest, Berkeley, California). Safety monitoring of SCa and UCa/UCr was performed in the clinical laboratory at each study site at baseline and every 4 weeks. For participants with SCa greater than ULN or UCa/ UCr .0.20, repeat testing was required, and the study drug was discontinued for those with persistent elevations.
HIV/AIDS
The study was designed to have 40 evaluable participants in each of 4 groups (TDF randomized to vitamin D or placebo; noTDF randomized to vitamin D or placebo). For participants taking TDF, the power to detect a vitamin D treatment effect was .80% for an increase in TRP of $5% between baseline and week 12, the magnitude of change previously associated with TDF [3] .
Data are presented as mean (standard deviation) or median (range). Baseline analyses compared differences between participants in TDF and noTDF groups, and between randomized groups (vitamin D vs placebo), using an intent-to-treat analysis cohort (N 5 203) for baseline data, and a per-protocol cohort for the data on change from baseline to week 12. Primary outcome measures were changes in TRP, BAP, CTX, and PTH. Safety was measured by change in GFR, Ub2MG, UCa/UCr, and SCa.
Univariate analyses followed by multivariable models were used to measure the main effects of vitamin D and TDF, as well as the interaction between those 2 exposures, and to measure the effect of confounding variables. within group differences. Generalized linear models with normal errors and identity link were used for the univariate and multivariable models. A rank-based analysis was also performed due to the presence of outliers. Covariates for baseline analyses were chosen based on clinical significance (Table 1) .
Covariates for analyses comparing baseline to week 12 were chosen based on the GLMSELECT procedure in SAS software (version 9.2, SAS Institute, Cary, North Carolina) using stepwise selection and are listed in a footnote to Table 3 .
RESULTS

Baseline Data
A total of 203 participants were randomized and completed the baseline visit (Figure 1 ). There were more males in the TDF group, reflecting the higher proportion of males at ATN sites, which disproportionately enrolled participants on TDF (Table 1) . A higher proportion of participants in the noTDF group were from IMPAACT sites and were more likely to have acquired HIV early in life (44% vs 12%; P , .001). There was more use of tobacco and alcohol in the TDF group. The groups did not differ in self-reported exercise, geographic latitude, or serum phosphate or calcium (data not shown).
At baseline, participants on TDF had lower GFR, TRP, and UCa/UCr and higher Ub2MG, anion gap, CTX, and PTH than those on noTDF (Table 1) . Serum levels of 25-OHD did not differ between groups. Multivariable analysis of the association of TDF use with baseline variables, after adjustment for demographic and HIV-related differences, showed that higher PTH (P , .001) and lower TRP (P 5 .017) remained strongly associated with TDF use, but the associations of TDF with lower GFR (P 5 .054) and higher Ub2MG (P 5 .069) were less strong when covariates were considered (data not shown).
Among all participants, PTH was higher in those with insufficient 25 (Figure 2A ).
In the TDF group, total calcium intake at baseline was higher in participants randomized to vitamin D compared with those randomized to placebo (Table 1 ). There were no other statistically significant baseline differences between randomized groups (vitamin D or placebo).
Effect of Vitamin D Treatment
Between baseline and week 12, mean 25-OHD and 1,25-OHD concentrations increased with vitamin D but not placebo in both the TDF and noTDF groups ( Table 2) . At week 12, 95% of all participants randomized to vitamin D had serum 25-OHD concentrations $20 ng/mL, increased from 48% at baseline, compared with placebo participants, in whom serum 25-OHD concentration $20 ng/mL was seen in 48% at baseline and 49% at week 12 (P , .001, placebo vs vitamin D). Vitamin D Placebo treatment had no effect in any group (B-E ). In multivariable regression analysis performed to identify treatment effects (vitamin D or placebo, TDF use, and the interaction between treatment and TDF use) on change in the primary outcomes, with further adjustment for baseline variables, the increases in 25-OHD and 1,25-OHD with vitamin D treatment occurred independently of TDF status (interaction P . .05), and confirmed that vitamin D treatment decreased PTH in those on TDF but not in the noTDF group (P 5 .023 for the vitamin D and TDF interaction; Table 3 ). The multivariable analysis showed a significant interaction between vitamin D treatment and TDF on CTX change (interaction P 5 .028). The increase in UCa/UCr and decrease in BAP with vitamin D treatment in the TDF group suggested by univariate analysis (Table 2) was not statistically significant in multivariable models.
Analysis of PTH concentrations stratified by TDF use and baseline serum 25-OHD concentration (,20 vs $20 ng/mL; Figure 2B -E) showed that in the noTDF group there was no change in PTH following vitamin D treatment, even in those with insufficient 25-OHD at baseline. In contrast, in participants on TDF who had insufficient baseline 25-OHD, PTH decreased significantly (27.9 [28.1] pg/mL, P 5 .031) with vitamin D treatment. In participants in the TDF group who had baseline serum 25-OHD in the sufficient range, PTH also decreased significantly (26.2 [15.9] pg/mL, P 5 .053) with vitamin D treatment. Despite these decreases in PTH with vitamin D treatment in the TDF group, week 12 PTH values remained significantly higher in the TDF group than in the noTDF group (44.5 [24.1] and 31.1 [16.5] pg/mL, respectively; P , .001).
Safety of this vitamin D regimen is supported by the absence of significant change in SCa or GFR, although there was a clinically insignificant but statistically significant change in UCa/UCr ratio in the TDF group (Table 2) . One participant in the noTDF group and randomized to vitamin D treatment had persistent elevation in UCa/UCr .0.20 mg/mg at baseline and during the study. Fourteen others (4 TDF, 10 noTDF; 9 vitamin D, 5 placebo) had a single episode of UCa/UCr .0.20 mg/mg that reverted to normal when rechecked. All were included in the analyses. There were no clinical toxicities related to treatment.
DISCUSSION
At baseline, PTH was elevated in youth on TDF-containing antiretroviral regimens, suggesting a disorder of calcium balance. This elevated PTH was decreased by vitamin D supplementation only in those on TDF. The magnitude of decline in PTH with vitamin D treatment was similar in participants with and without vitamin D deficiency/insufficiency at baseline. Thus, our results confirmed our hypothesis that vitamin D treatment would reduce PTH in youth on TDF-containing regimens. In contrast and contrary to our hypothesis, we saw no consistently significant interactions between vitamin D supplementation and TDF use on markers of renal tubular or glomerular function, or on CTX or BAP.
TDF is associated with renal tubular toxicity [8] including renal phosphate loss [23] , which has been postulated to cause secondary bone resorption and loss of BMD [14, 16] . However, not all studies of TDF-related bone changes have found a relationship between renal tubular dysfunction and markers of bone turnover [13] . Because high PTH can directly cause renal tubular phosphate losses [24] , it is possible that TDFassociated renal phosphate wasting is directly related to high PTH, and not to a TDF effect on renal tubular function [25, 26] . Our findings of a decline in PTH not accompanied by an equal improvement in TRP suggest that a mixture of endocrine and renal tubular dysfunction may contribute to the biochemical changes associated with TDF use. TDF-associated increases in PTH have been reported elsewhere (package insert; [15] . Elevated PTH enhances bone resorption and remodeling by stimulating osteoclasts and osteoblasts, resulting in increases in markers of bone turnover including BAP and CTX [27] , actions that are controlled by vitamin D [28] . Hyperparathyroidism and vitamin D deficiency are both associated with increases in markers of bone turnover and decreases in BMD [18, 25] . Although the vitamin D treatment-related decline in PTH resulted in the increase in UCa/UCr ratio and a decline in BAP, we did not see a statistically significant decline in CTX. Perhaps in a longer study a further decline in markers of bone turnover would be evident.
TDF-associated elevations of PTH have been linked to vitamin D deficiency in cross-sectional studies of persons with HIV [15, 29] . Our study confirmed the association of TDF use with higher PTH concentrations, and identified the association of vitamin D insufficiency with baseline elevations in PTH. However, in participants on TDF, baseline PTH was elevated even among those with baseline 25-OHD in the sufficient range. Vitamin D treatment decreased PTH in participants on TDF but not in those on noTDF. Baseline 25-OHD concentration was not an important covariate in this effect: only the interaction of vitamin D treatment and TDF use were statistically significant. Stratified analysis of the effect of vitamin D treatment in vitamin D deficient/insufficient participants compared with those with sufficient vitamin D showed a statistically significant decrease in PTH only for those participants on TDF, and no effect of vitamin D in the noTDF group. Moreover, the magnitude of the effect of vitamin D treatment on PTH in the participants on TDF was similar in those with baseline 25OH-D concentrations in the sufficient and insufficient ranges.
It is unclear how vitamin D treatment may decrease PTH in persons taking TDF in the absence of measurable vitamin D deficiency. Because 1,25-OHD directly decreases PTH [25] and vitamin D treatment increased 1,25-OHD in this study, a direct effect of 1,25-OHD to decrease PTH is one possible mechanism. Impaired intestinal calcium absorption, found with other medications associated with bone toxicity [30, 31] , may improve with vitamin D treatment [18] . Because TDF may have effects on other factors that directly increase PTH (eg, fibroblast growth factor 23 [32] ), or effects on bone [33] [34] [35] that may indirectly lead to a secondary increase in PTH, treatment with vitamin D may correct a ''functional vitamin D deficiency'' associated with TDF use, even in those with normal serum 25-OHD concentrations. The absence of consistent evidence of interactions of vitamin D supplementation and TDF use with changes in markers of bone formation (BAP) and resorption (CTX) may be from the relatively short follow-up time of the study, or from the differing time course of osteoblasts to differentiate into osteoclasts or osteogenic cells in response to vitamin D supplementation [36] . Further study with longer follow-up and direct measurements of BMD is needed to define the effect of vitamin D treatment on bone health in youth using TDF.
Major strengths of the study include the randomized, placebo-controlled design, and the use of a once-monthly formulation of vitamin D, which reduced the pill burden and allowed direct observation of participants taking each dose. This eliminated variability associated with poor adherence to study medication.
Limitations include enrollment of only young persons in whom renal clearance of TDF may be more rapid than in adults [37] , thus potentially minimizing the role of renal abnormalities in TDF-induced bone changes. Calcium intake, an important factor in PTH concentration, was not controlled. The variability in vitamin D serum concentrations that occurs with once-monthly administration of a large dose of vitamin D [38] may be greater than daily administration of smaller doses, but intermittent therapy [39] may be easier for patients with HIV already challenged with daily pill-taking. TDF use was not randomized, and there were imbalances in TDF and noTDF groups. Multivariate analyses controlled for potential confounding and showed the interaction between TDF use, vitamin D treatment, and change in PTH over the 12 weeks of this study. Lack of association between TDF, vitamin D, and changes in other variables may be from lack of power of this study.
In summary, in this randomized, double-blind, placebocontrolled trial in HIV-infected youth, high-dose monthly vitamin D supplementation decreased PTH levels in those on TDF-containing cART but not in those on regimens not containing TDF. This effect occurred in those with both sufficient and insufficient baseline 25-OHD concentrations. These results suggest that vitamin D supplementation may offset a potential effect of TDF on regulation of calcium balance and bone metabolism. 
